Abstract TiBCN nanocomposite coatings were deposited on cemented carbide and Si (100) by a cathode arc plasma system, in which TiB2 cathodes were used in mixture gases of N2 and C2H2. X-ray diffraction shows that TiB2 and Ti2B5 peaks enhance at low flow rates of C2H2, but they shrink when the flow rate is over 200 sccm. An increase of deposition rate was obtained from different TiBCN thicknesses for the same deposition time measured by scanning electron microscopy. Atomic force microscopy shows that the surface roughnesses are ∼10 nm and ∼20 nm at C2H2 flow rates of 0-100 sccm and of 150-300 sccm, respectively. High resolution transmission electron microscopy and X-ray photoelectron spectroscopy show that the coatings consist of nanocrystal phases Ti2B5, TiB2 and TiN, and amorphous phase carbon and BN. The average crystal sizes embedded in the amorphous matrices are 200 nm and 10 nm at C2H2 flow rates of 200 sccm and 300 sccm, respectively. In Raman spectra, the D-and G-bands increase with C2H2 flows at low flow rates, but weaken at high flow rates. The microhardness of the coatings decreases from 28.6 GPa to 20 GPa as the C2H2 increases from 0 sccm to 300 sccm, and the ball-on-disk measurement shows a dramatic decrease of the friction coefficient from 0.84 to 0.13. The reason for the reduced hardness and friction coefficient with the change of C2H2 flow rates is discussed.
Introduction
The quality and service life of machining tools are determined to a large extent by transition metal-based compound coatings such as TiN, TiB 2 , TiCN, TiBN, TiBC, and TiBCN [1, 2] . The multiphase coatings of TiBCN consist of TiN, TiC, TiB 2 , TiB, and amorphous BN, C, CN x and so on. Taking advantage of the high hardness phase of TiB 2 and TiC and the low friction coefficient phase BN and CN x , it is possible to fabricate TiBCN coatings with the mentioned excellent mechanical properties by adjusting the atomic concentration of Ti, B, C, and N. The friction coefficient depends on the composition of N or C. For instance, when the N concentration in TiBCN is less than 5 at.%, the coating exhibits superior hardness (44-49 GPa), however, the friction coefficients are high (0.62-0.7). When the N concentration is in the range of 8-15 at.%, nanocrystalline Ti(B,C) and Ti(C,N) are about 5-8 nm embedded in an amorphous matrix consisting of BN, free carbon and CN phases, and shows friction coefficient 0.55-0.6. With a further increase of N concentration to 20-40 at.%, the friction coefficient is reduced to 0.54 [2] . Lin et al. [3] synthesized TiBCN coatings with a high friction coefficient of 0.57-0.7 when the C concentration is in the range of 11.8-15.0 at.%. W. Tillmann studied TiBCN at 6.5 at.% C concentration with the friction coefficient in the range of 0.82-0.99 [4] . Cheng et al. observed that TiCN shows a high friction coefficient (0.78-0.88) for the coatings with a C content below 4.6 at.%, but a low friction coefficient of 0.21 when the C content further increases to 9.3 at.% [1] . Mollart et al. [5] reported that TiBN had a low friction coefficient of 0.2 when the films were implanted with carbon ions reaching a concentration of 30 at.%. Further investigations on the overall C concentrations as high as 50 at.% by R Gilmore et al. [6] were required to produce a frictionreducing effect in the co-sputtered coatings of TiB 2 and C in a N 2 atmosphere. It is expected that the mechanical and tribological properties of TiCN coatings will be * supported by National Natural Science Foundation of China (Nos. 11350110206, 11375133) and the Fundamental Research Funds for the Central Universities of China (No. 11275141) significantly influenced by the C content in the coatings.
In this work, we studied TiBCN coatings prepared by cathode arc ion plating with TiB 2 targets in a varied C 2 H 2 atmosphere. The flow rate of N 2 was kept at 345 sccm, and C 2 H 2 was varied from 0 sccm to 300 sccm simultaneously. The variations of microstructure, morphology, chemical bonding, microhardness and tribological properties of the coatings against the C 2 H 2 flow rate have been systematically investigated.
Experiment details
The TiBCN coatings with different carbon contents were deposited on cemented carbide and Si (100) substrates using TiB 2 targets (99.99% purity) in flows of N 2 and C 2 H 2 ambient by cathode arc ion plating. In our previous work [7] , the deposition system was described and the distance between substrates and targets is about 10 cm. Substrates were ultrasonically cleaned in acetone, methanol and de-ionized water for 10 min, respectively. After the chamber was pumped down to 7.0×10 −3 Pa, the chamber was heated till the temperature reached 250
• C. Before deposition, the substrates were subjected to Cr ion bombardment for 10 min at a target current of 70 A, and were biased with a pulsed voltage of −800 V with a duty cycle of 80%. After bombardment, an interlayer of Cr was deposited at a bias voltage of −150 V under a pressure of 2×10 −2 Pa for 10 min, which can improve the adhesion and reduce internal stress of the TiBCN coating. The thickness of the Cr interlayer is varied from 100 nm to 400 nm by controlling the deposition time. For comparison, a sample named TiBN1 was prepared without a Cr interlayer. The deposition of TiBCN coatings was carried out at a temperature of 250
• C using a TiB 2 target working at a current of 70 A. The substrate was biased at −200 V and the deposition time was 60 min. The C 2 H 2 flow rate was gradually changed from 0 sccm to 300 sccm, and the flow rate of N 2 was fixed at 345 sccm. During deposition, the substrates were rotated at a speed of 4 rpm to ensure homogenous composition, for the same thickness and deposition rate. The pressure was varied in the range of 0.59-0.76 Pa.
The crystallographic structure and preferred orientation of the TiBCN coatings were analyzed by X-ray diffraction (XRD, D8 ADVANCE) with Cu Kα (λ=0.15406 nm) radiation. The crystal structure was characterized by high resolution transmission electron microscopy (HRTEM, JEOL JEM 2010). Cross-section micrographs were studied by field emission scanning electron microscopy (SEM, S4800). The surface topography was analyzed on an atomic force microscope (AFM, Shimadzu SPM-9500J3) operating in the tapping mode with a measuring area of 5×5 µm 2 . The composition was measured by Rutherford backscattering spectroscopy (RBS) using 1.5 MeV H + ion beams, with backscattered ions detected at an angle of 165
• by a passivated implanted planar silicon detector with a resolution of 14 keV. The composition was obtained with an error of 5%.
X-ray photoelectron spectroscopy (XPS, ESCLAB 250Xi) excited by an Al Kα (1253.6 eV) radiation was used to investigate the bonding states of the films, measured at a pressure lower than 6×10 −7 Pa. The background of the XPS spectra was subtracted by using the Shirley background with the coating etched by Ar + ions for 5 min with an energy of 3 keV. The binding energies were calibrated by using the C1s position (284.8 eV) of the contamination carbon. Raman spectra (LabRAM HR 800 UV) were obtained in a backscattering geometry using an Ar ion laser working at a wavelength of 632.8 nm. The power at the sample was less than 4 mW to minimize the influence of the laser heating. The spectra were collected in the wavenumber range of 900-2000 cm −1 . The spectra in the range of 900-1800 cm −1 were fitted by D (1335 cm −1 ) and G (1550 cm −1 ) peaks using Gaussian functions.
The hardness was measured on an HX-1000 microhardness tester with a 50 g load and an average of 10 measurements was taken for each sample. The friction and wear were measured on an MS-T3000 ball-ondisk tester in an ambient air condition with 5 N applied load, 25
• C temperature and 70% relative humidity. The counter material was a Si 3 N 4 ball of 3 mm in diameter. The average sliding speed was 0.01308 m/s and the sliding time was 30 min.
Results and discussion
Fig . 1 shows the XRD spectra of TiBCN coatings prepared at different C 2 H 2 flow rates. The spectrum of the Cr interlayer is not presented here. A peak corresponding to Cr (110) is at 44.41
• , a peak located at 39.75
• with a low intensity is attributed to Ti 2 B 5 (103), and a peak at 61.8
• from TiN (220) decreases with the flow rates of C 2 H 2 . Sample TiBN1 shows a peak at 44.16
• which is lower than TiB 2 (101) 44.44
• , indicating that N atoms are incorporated into the TiB 2 crystal. Both TiN and TiC have a NaCl structure, in which Ti atoms distribute at the corner of the facecenter-cubic structure, with C or N at the interstitial sites of an octahedron. As TiB 2 has a small atomic packing factor (0.45), thus the incorporation of C and N in TiB 2 is easy [8] . No relationship between the growing pressure and RMS was found. The results also indicate that the predominated factor affecting the RMS value is C 2 H 2 fluxes instead of the deposition pressure. Peng et al. [9] believe that diamond-like carbon film with sp 2 -rich clusters has a rough surface. The high roughness values of TiBCN reveal that sp 2 -rich clusters were formed at high C 2 H 2 flow rates. The cross-sectional morphologies of TiBCN are shown in Fig. 3 , and the film thicknesses are listed in Table 1 . It is found that the coatings deposited at 0 sccm, 50 sccm, and 300 sccm flow rates of C 2 H 2 have a dense structure and the coatings deposited at 100 sccm, 150 sccm, and 200 sccm show a columnar structure. The macro-particles with size ranging from 0.2 µm to 2 µm observed on the surface are TiB 2 particles, which are neutral particles of targets and are unavoidably generated during the PVD deposition process [10] . Generally, there are two factors influencing the coating growth rate. During the growth, the particles with more energetic bombardment have higher mobility on the surface, which means less voids and a smoother surface. This explains the dense structure of TiBCN at C 2 H 2 flow rates of 0-50 sccm. When the bombardment energy is too high, the surface of the film can be damaged, resulting in the increase of roughness [9] , which is the case of TiBCN3. At high C 2 H 2 flow rates, the ions sputtered from the target have high energy, but they would lose energy when colliding with the C 2 H 2 and N 2 molecules. The higher the flow rate of C 2 H 2 , the more energy there is to be lost for each ion. The atoms with low energy have low mobility and it is helpful for growing crystal size as well as sp 2 -rich clusters, so the structures are columnar and the roughness increases. When the flow rate is 300 sccm, the amorphous phase is occupied more and the crystal structure shrinks. Amorphous matrices surrounding nanocrystals will hinder the crystal growth and coalescence, leading to decreased column sizes [10] . Thus a dense structure is observed in TiBCN6. The addition of C 2 H 2 flow, which is the only variable in the deposition process, increases the growth rate. The influence of CH 4 on the increased growth rate of TiCN was found in Ref. [1] . The increase of the deposition rate results in an increase of defect concentration in the coatings [1] . The large deposition rate of TiBCN results in large sp 2 -rich clusters, which is consistent with the large RMSs of TiBCN at the high flow rate of C 2 H 2 . from 50 sccm to 300 sccm. The Ti concentration decreases from 23.17% to 11.45% with the C 2 H 2 flow rate from 50 sccm to 300 sccm. B concentrations are 29.45% at the C 2 H 2 flow rate of 50 sccm, and decrease from 42% to 29% with increasing the C 2 H 2 flow rate from 100 sccm to 300 sccm. The C content increases from 0% to 49.35% with the flow rate of C 2 H 2 . The N content decreases from 31.76 % to 10.2 %. In the XRD results of TiB 1.27 C 0.69 N 1.36 , diffraction of TiB 2 (101) and a small peak of TiN (220) have been observed. This means that the other phases including BN are amorphous. When C 2 H 2 flow rate is 100 sccm, the crystal structure has transformed from TiN to TiB 2 with increasing fraction of amorphous BN and amorphous carbon. With further increase of C 2 H 2 , the phase ratio between TiB 2 and TiN does not change, but the amorphous carbon content increases in the film. Fig. 5(a) shows the B1s spectra of TiBCN coatings; the spectra were calibrated using C1s at 284.8 eV as carbon contamination. The peaks can be de-convoluted into elemental B (189.3 eV) and B-N (190.6 eV) [11] . The B-N bonding is attributed to amorphous BN, since XRD does not show diffraction of crystal BN. Fig. 5(b) shows the C1s spectra of TiBCN at the flow rates of 100 sccm and 200 sccm after Ar etching, revealing peaks of sp 3 C-C, sp 2 C-C, Ti(B,C), and TiC at 285.2 eV, 284.4 eV, 283.3 eV and 282.2 eV, respectively. The peak of Ti(B,C) at 283.3 eV indicates C in an environment of Ti and B [2] . The bond at 282.2 eV, which is higher than TiC (282 eV), is attributed to (TiN)-C [12] . From the spectra, the increase of carbon fraction is obvious. Fig. 5(c) shows the N1s spectra for C 2 H 2 flow rates of 100 sccm and 200 sccm. The spectra are de-convoluted to 398.2 eV, 397.1 eV and 396.7 eV corresponding to amorphous BN, TiN and N-(Ti,C), respectively. There is no peak due to the N-C (399.3 eV) bond, excluding formation of amorphous CN x in the coatings. In the Ti2p1/2 spectra (Fig. 5(d) ), the main peaks are TiC (454.9 eV), TiN (455.8 eV) [12] and Ti(C, N) (457 eV) [13] . The Ti content reduces with increasing C 2 H 2 flow rate, as shown by a reduced peak area, in agreement with the RBS results. The Ti2p spectra after etching do not show any peak related with titanium oxide, indicating successful deposition of TiBCN coatings. 101) lattice spacing. In the inset, a region marked A corresponds to the amorphous phase, which shows no lattice strips. We just show one part of the amorphous region in the picture, in fact, there are lots of regions of the amorphous phase which show no regular strips. Fig. 6(b) shows the HRTEM image of TiBCN6 with the lattice spacings of 0.204 nm, 0.21 nm, and 0.22 nm, corresponding to TiB 2 /Ti(B,C) (101), TiN/Ti(C,N) (200) and Ti 2 B 5 (103) [14, 15] . A region marked B in Fig. 6(b) was also of the amorphous phase, which distributes around nanocrystals. The nanocrystals circled with white lines are 10 nm in size, and embedded in the amorphous matrix. Nanocrystals of TiN (200) have been observed in the TEM measurement, but due to their small size and limit content, XRD did not show a peak related to TiN (200) . From the HRTEM and XRD results, we conclude that when the flow rate of C 2 H 2 is low, the nanocrystal grain size grows with the flow rate of C 2 H 2 ; when the flow rate is high, the amorphous phase become more occupied and nanocrystals shrink. The Raman spectra of TiBCN coatings deposited at different flow rates of C 2 H 2 are shown in Fig. 7 . The inset shows spectra fitting with the Gaussian function. The peak centered at 1550 cm −1 is caused by the graphite-like layers of sp 2 micro-domains in the film [14] . The D (1335 cm −1 ) band is attributed to the destruction of the symmetry of the graphitic ring by B, N incorporation or other contaminants [16] . Fig. 8(a) shows the I D /I G ratio, which is an indicator of the ratio of sp 3 and sp 2 in the film [16] . The I D /I G ratio increases from 5.12 to 7.1 when the flow rate of C 2 H 2 increases from 50 sccm to 150 sccm, which indicates an increase in the sp 2 carbon content and reveals the graphitic characteristics of the films after carbon is introduced. When the flow rate of C 2 H 2 further increases from 150 sccm to 200 sccm, the ratio decreases to 6.4, revealing a slight increase of the sp 3 content by incorporating more B and N atoms to disturb the formation of a graphite-like structure. When the flow rate of C 2 H 2 is 300 sccm, the I D /I G ratio is 7.2 again, indicating the increase of the sp 2 content in the films and a more graphite-like structure is formed. Fig. 8(b) shows a change of the Gpeak position and FWHM with the flow rate of C 2 H 2 . The G-peak position shifts to a higher wave-number as the sp 2 contained in the coatings increases [17] . The Gpeak width measures the bond length and bond angle disorder in sp 2 clusters. With decreasing sp 3 content, the sp 2 clusters within the sp 3 network become larger and less strained, causing decreases in both the length and bond angle disorders and leading to a reduced Gpeak width [16] . In Fig. 8(b) , the G-peak position shifts from 1534.2 cm −1 to 1575 cm −1 when the flow rate of C 2 H 2 changes from 50 sccm to 100 sccm, indicating an increase of sp 2 -bonded carbon in the films [16] . The G-peak position changes in a small range of 1570-1564 cm −1 with increasing C 2 H 2 flow rates, indicating a small change of sp 2 and sp 3 content in the films. The change of G-peak width also indicates a decrease of sp The hardness and friction coefficients of the coatings are presented in Table 1 . The hardness changes from 28.6 GPa to 19.2 GPa, and the friction coefficient decreases from 0.838 to 0.128 with increasing C 2 H 2 flow rates. Compared with pure TiB 2 , which has a hardness of 47 GPa and a friction coefficient of 0.85 [5] , TiBN1 shows a lower hardness of 28.62 GPa and a similar friction coefficient of 0.84. This is explained by TiBN containing TiN (hardness ∼ 22 GPa) and an amorphous BN phase, which would reduce both hardness and friction coefficients. When the C 2 H 2 flow rate is 50 sccm, the TiB 2 (101) peak shifts to a higher angle, indicating that the compressive stress was reduced and the microhardness was reduced. The D and G peaks in Raman spectra indicate an amorphous graphitic structure has formed in the coatings, which results in the reduced friction coefficient due to the low shear strength of the amorphous graphitic structure [1] . When the flow rates of C 2 H 2 increase from 50 sccm to 100 sccm, the phase changes from TiB 1.27 C 0.69 N 1.36 (TiB 2 +3TiN+3BN+3a-C) to TiB 2.34 C 1.58 N 0.73 (6.5TiB 2 +TiN+5BN+12a-C) with increasing TiB 2 and amorphous carbon content, leading to the micro-hardness increasing from 22.7 GPa to 24.6 GPa since TiB 2 has high hardness. The amorphous carbon especially sp 2 content has increased in TiBCN3, which was confirmed by I D /I G increasing from 5.2 to 6.1 ( Fig. 8(a) ) and the G peak position shifting from 1534.2 cm −1 to 1575 cm −1
( Fig. 8(b) ). The amorphous phase BN and carbon, which contain the sp 2 content, help to accommodate the shear strength by lubricating the contact area [17] . Thus the friction coefficient of TiBCN3 decreases further. When the flow rate of C 2 H 2 increase from 100 sccm to 150 sccm, the phases change from TiB 2.34 C 1.58 N 0.73 (6.5TiB 2 +TiN+5BN+12a-C) to TiB 2.37 C 2.45 N 0.77 (5TiB 2 +TiN+6BN+14a-C), which indicates an equal ratio of TiB 2 to TiCN at different flow rates of C 2 H 2 and an increased amorphous sp 2 content. The increase of amorphous carbon is also confirmed by the increase of I D /I G from 6.1 to 7.2 and the decrease of the G-peak width. Hence both the hardness and friction coefficients are reduced. When the flow rate of C 2 H 2 is 200 sccm, the size of crystalline Ti(B,C) grows to its largest value of 200 nm, as shown by XRD results in Fig. 6(a) . However, the hardness does not decrease too much as compared with TiBCN4. The reason is that the sp 3 content has high hardness [6] and the sp 3 content in the coatings was increased as deduced from a decrease of the I D /I G value (Fig. 8(a) ). When C 2 H 2 was 300 sccm, the nanocrystals are 10 nm embedded in a large fraction of amorphous phase (show in Fig. 6(b) ). The large fraction of amorphous carbon and small grain size of TiCN will lead to low hardness [17] . When the volume fraction of nanocrystals embeded in the matrix decreases, the distance between nanocrystals increases, and the cohesive energy of the boundaries between nanocrystals would decrease, which leads to the decreased coating hardness [2] . Fig. 9 shows wear tracks of the coatings measured by SEM, and the composition of the marked square area was measured by EDS. The wear experiment was generated at a rating speed of 50 rpm with a track diameter of 5 mm, and the measurement time is about 30 min. The spectra of EDS of TiBN1 and TiBCN3 before and after tribological test are almost the same. The appearance of Ti, B, C, N atoms is from TiBCN coatings, Co is from cemented carbide substrate, and Cr is from the Cr interlayer or from contamination of Cr when the Cr target was used in the ion bombardment process. We found that none of the samples were worn out during 30 min of testing. To better understand the wear properties of the samples, TiBN1 and TiBCN2 were measured at a high speed of 150 rpm under a load of 5 N with measuring time of 2 h. TiBN1 is worn out after 36 min and the worn track is approximately 162 m, while TiBCN2 kept a constant friction coefficient when the worn length is over 3600 m. Taking into account the effect of coating thickness, for example, TiBN1 is 800 nm and TiBCN2 is 2.14 µm, the wear properties are improved more than eight times after carbon is incorporated into the TiBCN coatings. The wear rate of the TiBCN coatings is strongly dependent on the C content in the coatings. According to Cheng et al. [1] the reduced wear rate of TiCN is attributed to the low friction and the formation of a transfer layer in the tracks. In future, we will devote ourselves to experimental studies on the low wear rate of TiBCN coatings with high C content. Binding energies of BN, B-C, sp 2 C-C, sp 3 C-C, Ti(B,C), and TiN in the TiBCN coatings are shown in XPS. The hardness decreases with the flow rate of C 2 H 2 , except for the hardness of TiBCN3, which is harder than TiBCN2. The change of hardness is caused by three factors: the fraction of the amorphous phase, the growth of the grain size and the ratio of sp 3 /sp 2 . The friction coefficient decreases from 0.838 to 0.128 with the C 2 H 2 flow rate, which is mainly caused by the increasing fraction of amorphous carbon and increasing ratio of sp 2 /sp 3 in the coatings. The wear properties were improved after incorporation of carbon into the TiBCN coatings, which was derived from a low friction coefficient and the formation of a transfer layer.
